Background: Streptococcus pneumoniae is an intermittent commensal organism in the nasopharynx. Colonisation is a prerequisite for disease and malnourished children are especially susceptible to severe infection. This systematic review examines published prevalence rates of pneumococcal colonisation in the upper respiratory tract of chronically malnourished children <5 y of age.
Introduction
Streptococcus pneumoniae is a leading global cause of respiratory tract infections and invasive disease in young children, the elderly and immunocompromised patients. In 2015, pneumonia accounted for 16% of all deaths of children <5 y of age. 1 Immunization programmes using pneumococcal conjugate vaccines (PCVs) and polysaccharide vaccines (PPVs) reduce colonisation rates and mortality from invasive disease in a serotype-specific manner. 2 Their utility in low-and middle-income countries (LMICs) can be limited by cost, variable coverage of locally circulating serotypes 3 and the high frequency of individuals with medical conditions that alter their immune responses (such as malnutrition or human immunodeficiency virus 4 ).
The upper respiratory tract (URT) provides an ecological niche for diverse bacterial populations and S. pneumoniae frequently but asymptomatically colonises the URT, especially in young children. 5 Progression to mucosal disease (such as sinusitis, otitis media and pneumonia) and invasive pneumococcal disease (IPD) can occur if immunological and mechanical defences are breached and such events are more likely among individuals with higher colonisation rates. 6 Nasopharyngeal aerosolization of S. pneumoniae is considered the primary mode of population transmission. 7 The high rates of S. pneumoniae colonisation seen in children <5 y of age partly explain the more frequent disease in this age group and why children are thought to be the main reservoir and vector of spread.
Young children also have incomplete protection against disease due to immature adaptive and innate immunity. 9 These systems actively sense colonising mucosal bacteria and maintain a balanced regulatory environment. 10 Higher disease prevalence in LMICs reflects a variety of environmental challenges, such as overcrowding, particulate exposure and undernutrition, which can adversely affect mucosal immunity. 11 Pneumonia, for example, is more frequent and more severe in malnourished children, in whom immunological studies have shown reduced cellular immunity, phagocyte function, complement and immunoglobulin and cytokine production. 12, 13 Malnutrition, defined as insufficient, excessive or imbalanced consumption of nutrients, is attributable to 53% of deaths associated with infectious diseases among children <5 y of age in impoverished countries. 6 Malnutrition is multifactorial, frequently resulting from inadequate breastfeeding, insufficient food availability and recurrent enteric infections. 6, 14 Protein-energy malnutrition manifests as kwashiorkor (predominantly protein deficiency) and marasmus (protein and energy deficiency). Micronutrient deficiency due to the lack of a specific vitamin or mineral may coexist with these or occur in isolation. 15 Acute malnutrition usually presents as 'wasting' (a weight-to-height Z score <−2), compared with 'stunting' (a height-to-age Z score <−2), which suggests chronic malnutrition. 16 Pneumococcal prevalence data could predict the potential of public health interventions targeting nutrition to prevent S. pneumoniae disease and/or transmission. The rates of colonisation in malnourished children are therefore relevant to interventions at the individual and population levels. This systematic review and meta-analysis describes these rates in malnourished children <5 y of age.
Methods
A search of the existing literature was conducted in November 2016 to identify reports of URT pneumococcal colonisation rates in chronically malnourished children 0-5 y of age. We searched PubMed (1955 PubMed ( -2016 , MEDLINE (1950 MEDLINE ( -2016 , Scopus (1960 Scopus ( -2016 and Web of Science (1900-2016) using combinations encompassing broad search strings for Streptococcus pneumoniae, nasopharyngeal colonisation (including carriage and carrier states) and chronic malnutrition (including kwashiorkor, marasmus and micronutrient deficiencies determined as per the World Health Organization (WHO) guidelines for the treatment of severely malnourished children). 17 Specific search terms and their combinations are shown in the Supplementary materials. Inclusion criteria were experimental or observational studies, English language, reporting data on URT colonisation of S. pneumoniae, subjects included chronically malnourished children and age 0-5 y. Studies were excluded that did not report rates of colonisation or were case series, case reports, letters or editorials. Retrieved papers were first screened by title and abstract, then by full text. Further potential publications were identified from the reference lists of included articles.
Data were captured by predesigned pro forma. Quality and risk of bias were assessed using the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) tool. 18 Prism (version 7.02; GraphPad Software, La Jolla, CA, USA) was used for statistical analysis. Studies were included in the metaanalysis if they reported data that allowed calculation of S. pneumoniae point prevalence rates and if they included at least 100 participants. Pooled prevalence was calculated using a model that incorporated the study as a random effect and was weighted by the number of participants contributing data. 19 
Results
A total of 68 citations were identified, of which 33 were unique. Nine papers met the inclusion criteria ( Figure 1 ). STROBE quality assessment data are given in Appendix 1.
All studies used conventional microbiology to detect colonisation and followed recommendations made by the WHO for measuring nasopharyngeal colonisation. 20 Rayon-tipped swabs were the most frequently used swabs (4/9 studies [44.4%]). A single study from Venezuela obtained additional oropharyngeal samples. 21 Five studies were from vitamin A supplementation randomized controlled trials (RCTs): two in India, 22, 23 one in Bangladesh 24 and two in The Gambia. 25, 26 One study was a zinc supplementation RCT in Nepal. 27 Two case-control studies-one in Venezuela 21 and one in The Gambia
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-compared colonisation in malnourished children with and without S. pneumoniae infection. One paper was a clinical trial investigating a urinary pneumococcal diagnostic tool in Ecuador. 28 The reported prevalence of S. pneumoniae colonisation in malnourished children 0-5 y of age ranged from 1.0 to 88.0% (Table 1 (Figure 2 ).
All nine papers were graded as good quality and design (Appendix 1). Control groups were used and appropriate in eight studies. Intervention trials used malnourished controls without pneumococcal infection, supplemented with placebos. The control group in the Gambian RCT study was provided with a lowerdose vitamin A supplement rather than a placebo. 26 In Venezuela, matched controls of nearest-age siblings or cousins living in the same household were used. Figure 2 . Meta-analysis of S. pneumoniae carriage in malnourished children <5 y of age: (A) 0-≤3 mo, (B) <3-≤6 mo and (C) <6-≤60 mo. The prevalence carriage rate for each study is represented by a square. An unfilled diamond represents the pooled prevalence estimate. The 95% CI for each study is denoted by a horizontal line crossing the symbol. Weight for the random effects analysis for each study is given (%).
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Discussion
We found nasopharyngeal colonisation to be frequent in children <5 y of age with malnutrition in LMICs (53.9 to 88.0% from 2 mo to 5 y). Pooled prevalence rates increased greatly from 1.0-2.0% at birth to 53.9-80.0% at 2 mo, reflecting the point of first acquisition of S. pneumoniae. From 3 mo to 5 y of age, colonisation remains high, at 64.1-88.0%. Nasopharyngeal colonisation rates among healthy, wellnourished children <5 y of age before the introduction of PCVs have been previously reported as 64.8% in low-income and 47.8% in lower-middle-income countries. 29 The prevalence rates found in these healthy children are lower than those found in our review of malnourished children. This difference may reflect clinical and methodological differences, but suggests that prevalence rates of S. pneumoniae are higher in malnourished states. Our results are supported by a study in Venezuela that reported colonisation rates of 73% in children <5 y of age.
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Immune changes associated with protein-energy malnutrition are many, including atrophic changes to the thymus, leading to poorly developed peripheral lymphoid organs and decreased T cell function and number.
14 Malnutrition also reduces immunoglobulin A secretion, impairs complement activity and immunoglobulin responses to encapsulated bacteria and, indirectly, decreases phagocytic activity. 31, 32 In a persuasive case-control study, children with stunting in Venezuela were more likely to present with pneumococcal colonisation and acute respiratory tract infection compared with age-matched relatives from the same household. 21 A recent study, not included in our review due to search time limits, found a strong association between stunting and S. pneumoniae colonisation.
The role of micronutrient deficiency and supplementation in acute bacterial infections remains controversial, but zinc supplementation is effective in preventing pneumonia and is recommended by the WHO. 33 Suboptimal zinc status damages epithelial function and impairs antibody-mediated responses. 27 A case-control study included in our systematic review found a strong interaction between zinc status and S. pneumoniae colonisation. 27 In mice, zinc deficiency has been associated with higher nasopharyngeal colonisation density of S. pneumoniae following pneumococcal challenge and reduced responses to Pneumococcal surface protein A immunisation. 33 Vitamin A deficiency promotes rapid bacterial colonisation in infants, 34 potentially permitting greater bacterial adherence, colonisation and infection. 23 It is known to play a role in immune homeostasis as well as B-and T-cell homing to the intestinal mucosa. 35 It is plausible that it performs a similar function at the nasal mucosa. Supplementation can reduce infant mortality in areas of endemic deficiency, 36 although studies examining the specific effects on bacterial colonisation are inconsistent. Newborns in south India dosed with vitamin A had a lower rate of pneumococcal colonisation at 3 mo compared with those receiving placebo, but this was not apparent in a similar trial in Bangladesh. 23, 24 A third trial comparing high-and low-dose vitamin A supplementation found no difference in colonisation between groups. 26 Baseline measurements confirming micronutrient malnutrition were not systematically carried out within the supplementation trials [22] [23] [24] [25] [26] [27] and deficiency within the population is assumed.
However, evidence of deficiency in those geographies was good: 17-37% of young children within the geographic area studied in south India had low serum retinol levels; 22, 23, 37 the Gambian population had significantly lower levels than expected in the UK; 38 the Bangladesh study reported a high prevalence of maternal night blindness, a clinical sign of vitamin A deficiency; 24 and in the Nepal zinc trial, 42% of children within a previous trial in the same area had low serum zinc concentrations. 27, 39 Our review encompassed multiple forms of macro-and micronutrient malnutrition that, with limited data, might make pooled rates of colonisation difficult to interpret. The studies reported here represent a relatively limited geographic sample that may not represent the worldwide malnourished population. Additionally, inclusion of studies of malnourished children only does not allow for a detailed appraisal of the association between malnutrition and pneumococcal colonisation. Two studies combined anthropometric measurements of wasting and stunting to define their study population. 12, 21 These represent acute and chronic malnutrition, respectively, and each may impact mucosal immunity and S. pneumoniae colonisation rates differently.
There is not enough uniformity of reporting of vaccination within the included studies to comment on pneumococcal vaccination within study populations. Vaccines can have a profound effect on serotype prevalence, 40, 41 if not always overall prevalence, and vaccination status could be a confounding variable.
Other limitations of this study include bias arising from selective publication and methodological limitations. For example, two studies compared colonisation in malnourished children with and without pneumococcal infection. As colonisation is a prerequisite to infection, this may artificially inflate colonisation rate estimates. 12, 21 Studies embedded within trials were not originally designed to deliver a cross-sectional representation of the wider population and sampling frames may not have fully accounted for seasonal variation. For example, colonisation rates are higher in The Gambia during the dry season, perhaps due to a combination of atmospheric conditions that promote colonisation and increased transmission due to social factors such as higher school attendance (and therefore intermixing) outside of harvesting seasons. 12, 42 Studies designed specifically to investigate pneumococcal colonisation in a malnourished population are essential for the identification of high-risk groups and to understand their responses to pneumococcal vaccines. There is evidence that both proteinenergy malnutrition and micronutrient deficiencies can affect responses to vaccination. 43, 44 The drivers of colonisation rates are complex, but well-designed studies could be used to detect other risk factors or confounders for increased S. pneumoniae prevalence in the nasopharynx, including the effect on somatic growth. 21 Importantly, we do not know if colonisation produces antibody-mediated protection in this population as it does in healthy children. 45 The combination of pneumonia and malnutrition has an enormous impact on child mortality in developing countries. This systematic review found a high prevalence of S. pneumoniae colonisation in malnourished children < 5 y of age. Although the available data are limited, S. pneumoniae colonisation appears more prevalent in this population compared with healthy children without malnutrition. Current evidence is insufficient to Transactions of the Royal Society of Tropical Medicine and Hygiene judge if the correction of nutritional deficits will lead to lower colonisation rates.
Supplementary data
Supplementary data are available at Transactions online (http:// trstmh.oxfordjournals.org/).
